The objective of this study was to evaluate the production of embryogenic calluses and plant regeneration of seven popcorn inbred lines (Zea mays L.) in order to identify lines for further transference of genes to a generation of transgenic plants. The N6 medium with supplementation was used to induce calluses in immature embryos, and supplemented MS medium was used to stimulate plant regeneration of P11, P12, P15 and P18 inbreed lines. The number of regenerated plants was the highest for the P15 inbred line. The P15 popcorn inbred line represents a potential genotype for transferring plant regeneration competence to other popcorn genotypes.
INTRODUCTION
Somatic embryogenesis using immature embryos for obtaining in vitro regenerated popcorn plants (Zea mays L.) has been established since the 1980s (Green, 1982; Vasil and Vasil, 1986; Prioli and Silva, 1989) . However, for more than three decades, obtaining regenerated corn plants via somatic embryogenesis has been considered a relatively complex procedure. The induction of embryogenic callus, as well as their potential to regenerate whole plants has been dependent on the corn genotype, and the adaptation of specific protocols has been an inevitable and usual procedure (Binott et al., 2008; Rakshit et al., 2010; González et al., 2012) . Several efforts have been made to identify regenerated plants in genotypes with agronomic traits of interest, hybrids, and popcorn inbred lines from different breeding programs. However, there are no reports on scientific literature of somatic embryogenesis and plant regeneration in popcorn genotypes.
Popcorn is a special maize type which presents smaller grains, lower vigor and a greater susceptibility to diseases than field maize (Zinsly and Machado, 1987) . The seeds are hard and burst under the action of heat to form popped popcorn. Popcorn plants usually present a shallow fascicular root system, which gives them little tolerance to drought. Popcorn improvement for popping expansion and other traits of agronomic importance in *Corresponding author. E-mail: mfpsmachado@uem.br Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License Table 1 . Genealogy of the inbred lines of popcorn and cycles of self-pollination (S).
Line
Genealogy P11 and P12 (S12) Obtained from the triple hybrid "Zaeli", resulting from a cross between temperate lines P13 (S12) Obtained from the triple hybrid "Zelia", released by Pioneer Seeds, considered tropical and temperate P15, P16, P20 (S6)
Obtained from the modified hybrid "IAC 112" adapted to tropical regions, consisting of lines derived from the South American Mushroom (SAM) population crossed with South American lines from the intervarietal "Guarani" x "Yellow" hybrid, considered tropical and temperate P18 (S12) Obtained from open-pollinated non-selected "UEM-M2" variety, belonging to the State University of Maringá (UEM), considered tropical.
Brazil has been intensively implemented during the last decade to reduce the import of seeds and also for the development of new varieties that are adapted to different and heterogeneous regions of the country (Scapim et al., 2006; Franzoni et al., 2012; Ribeiro et al., 2016) . One of the aims of the popcorn breeding programs is the production of in vitro regenerated plants.
The objective of this study was to evaluate the production of embryogenic calluses and plant regeneration via somatic embryogenesis of seven inbred lines developed in a popcorn breeding program, with the aim of identifying lines for further transference and introduction of specific genes in the generation of transgenic plants. The first screening with popcorn inbred lines for somatic embryogenesis and plant regeneration has been reported in this study.
MATERIALS AND METHODS
The seven popcorn inbred lines (P11, P12, P13, P15, P16, P18 and P20) used in this study represent part of a broader collection that has been developed in a popcorn breeding program ( Table 1) . The plants were grown in a field at an Experimental Farm (23° 25' S; 51° 57' O, and 550 m altitude). Plants were self-pollinated in the 2012-2013 maize growing season and whole ears were collected 12 to 14 days after pollination for the removal of embryos.
The surface of each ear was sterilized with a 1.1% sodium hypochlorite plus 0.01% Tween-80 solution for 25 min. The ears were then rinsed 4 to 5 times with sterile double-distilled water under a laminar flow cabinet. The immature zygotic embryos (1 to 1.5 mm) were aseptically excised by cutting the top part of the kernels with a scalpel blade and the embryos were removed from the seeds under a stereoscopic microscope using a rounded tip stylet, and placed with the plumule-radicle axis in contact with the callus induction medium.
Callus medium induction was prepared from N6 (Chu et al., 1975) basal salts supplemented with Erikson vitamins [glycine (2 mg L -1 ), thiamine (1.0 mg L -1 ), nicotine acid (0.5 mg L -1 ), pyridoxine (0.5 mg L -1 )] and 2,4-dichlorophenoxyacetic acid (2,4-D) 2.2 mg L -1 , L-proline (2.88 g L -1 ), casein hydrolysate (100 mg L -1 ), silver nitrate (10 mg L -1 ), and 3% (w/v) sucrose. Agar 0.8% (w/v) was used as a solidifying agent. The culture medium was autoclaved at 121°C for 20 min after adjusting the pH to 5.8. The immature embryos were inoculated in Petri dishes containing 20 ml of culture medium for callus induction. Twenty to thirty embryos (making sure that the embryo axis was constantly in contact with the culture medium) were inoculated per plate. After inoculation, the plates were sealed with plastic film and incubated in a growth chamber at 28 ± 1°C in the dark for 15 days.
After 15 days, the developed calluses were transferred to a maintained medium. This medium consisted of the callus induction medium containing 2.2 mg L -1 2,4-D with an increased sucrose concentration of 6% (w/v). Higher sucrose concentrations have been used to promote somatic embryo maturation in maize (Anami et al., 2010; Bedada et al., 2011) . The calluses in the maintenance medium were again incubated in a growth chamber at 28 ± 1°C in the dark for 15 days. After 15 days, the friable calluses with somatic embryos on their surface (callus type II) were transferred to a new medium for somatic embryo maturation and plant regeneration.
The culture medium for somatic embryo maturation and plant regeneration was prepared from MS (Murashige and Skoog, 1962) basal salts supplemented with glycine (2 mg L -1 ), myo-inositol (99.11 mg L -1 ), thiamine (5.06 mg L -1 ), nicotine acid (0.98 mg L -1 ), pyridoxine (1.55 mg L -1 ), 3% (w/v) sucrose, indole acetic acid (IAA; 0.5 mg·L -1 ), 6-benzyl aminopurine (6-BA; 1 mg·L -1 ) and 2,4-D was absent. Agar 0.8% (w/v) was also used as a solidifying agent. Callus with somatic embryos were transferred to Petri dishes containing 30 ml of culture medium for somatic embryos maturation and incubated in a growth chamber at 28 ± 1°C with a 16 h of light (36 mmoles m -2 ·s -1 lux illuminance) photoperiod. After seven days, the calluses with green shoots on their surface were transferred into 100 ml flasks containing 30 ml of the same culture medium. The flasks were kept in the growth chamber (28 ± 1°C; 16 h with 36 mmoles m -2 ·s -1 lux illuminance) for the regeneration of leaves and roots.
Plantlets (10 to 15 cm long) with well developed roots were removed from the in vitro conditions. The roots of the seedlings were washed with autoclaved water, and planted in 500 ml pots containing a mixture of vermiculite and vegetable soil in the ratio of 1:1. The mixture was previously prepared, and watered with nutrient medium (MS without agar) and sterile water. The pots were covered with a transparent plastic bag and placed in a growth chamber. Seedlings were irrigated every 2-3 days (water) as needed. For acclimatization, after 4 days, small holes on the coverage were gradually made in order to reduce moisture inside the pots until the complete removal of the coverage.
RESULTS AND DISCUSSION
Types I (compact and organized) and II (friable and rapid growth) calluses were induced in immature embryos of P11, P12, P13, P15, P16, P18 and P20 popcorn inbred lines inoculated into N6 medium with supplementation ( Table 2 ). The genotype influenced the frequency of the obtained calluses since callus induction was higher in P13 (84%), P18 (70%) and P15 (69%) than in P16 (57%), P20 (45%), P12 (43%) and P11 (15%) inbred lines. Type II calluses containing the somatic embryos on their surface was especially formed in P20 (66%), P15 (50.6%) and P11 (47.2%) inbred lines. The induction of calluses as genotype dependent seems to be a common characteristic in maize, and our results indicate that it could also be observed in popcorn. The use of additional supplements (L-proline, AgNO 3 and hydrolyzed casein) on callus induction as recommended by several authors (Lucena et al., 2015) on different genotypes of maize was also a positive strategy to stimulate the formation of type II calluses in popcorn. In the absence of these supplements, the formation of type II calluses with somatic embryos in popcorn was poor (data not shown).
The formation of green shoots on calluses transferred to MS medium supplemented with auxin (IAA) and cytokinin (6-BA) was only observed in calluses of P11, P12, P15 and P18 popcorn inbred lines. In P13 inbred line, which showed the greatest potential for callus induction (84%) on embryos, shoot formations or plant regeneration were not observed. Competence for the formation of embryogenic calluses and plant regeneration also appear to be independent events in inbred lines of popcorn.
The efficiency of N6 medium to induce calluses in immature embryos and the efficiency of the MS medium to promote plant regeneration in the calluses formed on N6 medium as well as the addition of auxin combinations (IAA) and cytokinins (6BA) in the MS medium have been highlighted in various maize genotypes (Lucena et al., 2015) . Therefore, N6 medium supplemented with vitamins and amino acids was chosen in this study to induce calluses in immature embryos of popcorn lines, and the MS medium supplemented with IAA and 6BA was used to stimulate the regeneration of plants in embryogenic calluses of P11, P12, P15 and P18 inbreed lines ( Table 2 ). The inbred popcorn lines evaluated in this study were in S 12 (P11, P12, P13 and P18) and S 6 (P15, P16 and P20) self-pollination cycles. The plants present low phenotypic vigor and should need additional nutrients for the in vitro culture of their tissues. Some studies have shown that the response of maize tissues in culture depends on the physiological state of the donor plant and its phenotypic vigor (Ombori et al., 2008) . In popcorn inbreed lines, the somatic embryo formation was higher in inbred lines in the S 6 cycle of self-pollination (P20 and P15) than in inbreed lines in the S 12 cycle of selfpollination. However, the formation of green shoots may not be related to the different cycle of self-pollination as the P20 inbred line (in the S 6 cycle of self-pollination) showed the greatest potential for the formation of somatic embryos (66.0%), but regenerated plant was not observed.
The number of regenerated plants of popcorn inbred lines was higher in the embryogenic calluses from P15 (11 plants) than in calluses from P11 (3), P12 (1), and P18 (2) inbred lines. The P15 popcorn inbred line is suitable for somatic embryogenesis and plant regeneration and represents a potential genotype for transferring genes for the formation of somatic embryos or plant regeneration in popcorn breeding programs.
In popcorn inbreed lines, a poor correlation between the capacity to form somatic embryos and plant regeneration was observed. The highest number of calluses with somatic embryos was observed in P20 inbreed line which did not produce regenerated plants.
The embryogenesis and plant regeneration in popcorn inbred lines reproduce the same somatic scenario that has been described for maize in general. Therefore, investments to evaluate the production of embryogenic calluses and plant regeneration via somatic embryogenesis in different popcorn inbred lines are important to identify genotypes and appropriate protocols. The procedures described in this study were suitable for the P15 inbreed line (Figure 1 ), while new studies with different protocols for the other inbreed lines (P11, P12, P13, P16, P18, and P20) will be necessary.
The identification of the potential for plant regeneration in P15 inbreed line has generated a prospect for using embryogenic calluses from P15 to transfer genes of interest for popcorn improvement. Another approach is to use this line to transfer the regeneration ability to other popcorn genotypes. There is evidence that the inbred line, B73 significantly increased their competence to form calluses with somatic embryos after introgression of chromosome segments of A188 inbreed line by backcrossing on classic improvement (Armstrong et al., 1992) . The A188 genotype is recognized for its high ability for the formation of embryogenic calluses and plant regeneration, while B73 inbreed line has agronomic traits of interest, but has low potential to form calluses with somatic embryos. The breeding scheme consisted of six generations of B73 backcrossing with selection at each generation for high frequency of embryogenic culture initiation. The indication of alleles related to the ability to form calluses with somatic embryos related by some authors (Armstrong et al., 1992; Baudino et al., 2001; Zhang et al., 2011; Sun et al., 2012 ) is a promising expectation for the use of P15 for transferring genes for somatic embryogenesis to other popcorn genotypes. Although, the embryogenesis and plant regeneration in popcorn reproduced the same scenario that has been described for maize in general, this study is important and indicate that in the P13 inbred line (obtained from the triple hybrid "Zelia"), the greatest potential for nonembryogenic callus induction (84%) was observed, while in the P15 inbred line (obtained from the modified hybrid IAC 112 adapted to tropical regions), a high potential for embryogenic callus induction and plant regeneration was observed. The P15 inbred line of popcorn in the S 6 selfpollination cycle represents a potential genotype for transferring genes for the formation of somatic embryos or plant regeneration in popcorn breeding programs.
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